The structure of a partially deuterated rubredoxin from the hyperthermophilic archaeon Pyrococcus furiosus, an organism that grows optimally at 100°C, was determined by using the neutron single-crystal diffractometer dedicated for biological macromolecules ( 
I
t is beyond doubt that H atoms and hydration water molecules of proteins play an important role in biological systems. They are indispensable components in many naturally occurring processes (e.g., hydrolysis, dehydrogenation, etc.). In addition, H atoms are involved in the folding and stabilization of protein structure by means of their participation in H bonding. Neutron crystallography can readily determine H positions. Moreover, neutron diffraction can determine whether H͞D exchange has occurred at a particular site because H and D have dramatically different neutronscattering lengths (negative and positive, respectively). Thus, x-ray and neutron diffraction methods are complementary, and between the two techniques, it is possible in principle to determine all of the atomic positions in a protein (1, 2) .
We have developed an elastically bent perfect-Si crystal monochromator (3) (4) (5) that serves to focus the reflected neutrons onto the sample position, thus increasing the available intensity. In addition, we have developed a neutron-imaging plate (6) (7) (8) (9) (10) (11) , which is a key component in our detector system, covering a large area with a high signal-to-noise ratio, high spatial accuracy, and good neutron-detection efficiency. Several studies in which our neutron-imaging plate detectors were used in neutron crystallography have been reported (12) (13) (14) (15) (16) (17) (18) , including contributions from other groups who have adopted portions of our design (13, 14, (16) (17) (18) . All of these features have been incorporated in a neutron-imaging-plate-based diffractometer called BIX-3 (19) (20) (21) that has been built and installed at the JRR-3M reactor of the Japan Atomic Energy Research Institute. The present study on rubredoxin was performed by using this diffractometer (22, 23) , and subsequent studies with sperm whale myoglobin (to a 1.5-Å resolution) (22, 24, 25) and a rubredoxin mutant (to a 1.6-Å resolution) (26, 27) have followed. A preliminary account of the work described in this article appeared in ref. 23 .
Rubredoxins occur in several anaerobic bacteria and are small proteins containing an iron atom coordinated by the S atoms of four cysteine residues. They have been proposed to play a role in electron transfer as part of a novel pathway for O detoxification (28) . They were among the first proteins to be studied crystallographically at high resolution. Pioneering work by Watenpaugh et al. (29, 30) in 1972 described the structure analysis of rubredoxin from Clostridium pasteurianum. That analysis, carried out at a resolution of 1.5 Å, featured the first report of a least-squares refinement of a protein at a truly atomic level. The structural analysis of rubredoxin from C. pasteurianum was eventually extended to 1.2-Å resolution (31) and 1.1-Å resolution (32) , and other rubredoxin structures have been reported over the years from other mesophilic (room temperature) organisms (33) (34) (35) (36) (37) (38) (39) ). The refinement of one of these, from Desulfovibrio vulgaris, has been extended to a 1.0-Å resolution (38) , and that data set was used in a study describing the application of direct methods to protein crystallography (39) . All of those studies indicated that rubredoxins contain a very small three-stranded antiparallel ␤-sheet, a hydrophobic core, and several loops (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) .
Pyrococcus furiosus is an anaerobic S-reducing archaeon exhibiting optimal growth near 100°C. The x-ray (resolution 1.8 Å) and NMR structures of the rubredoxin purified from this organism were originally determined in 1992 (40) (41) (42) (43) . Subsequently, higher-resolution x-ray diffraction analyses of the WT protein (resolution 0.95 Å) and of two site-directed mutants (resolutions 1.1 and 1.2 Å) were performed to understand the differences in thermostability between the different forms (44) . The overall folding of the rubredoxins from P. furiosus turned out to be very similar to those of the mesophilic microorganisms. In the 0.95-Å x-ray study of the WT hyperthermophilic rubredoxin, about half of the H atoms could be clearly seen in the difference maps because of the high resolution of the data (44) . However, no unambiguous correlation between the structures of those proteins and their thermostabilities could be found.
The present study originally was motivated by the hope that the differences in thermostability might be explained by using the more accurate parameters of H bonds obtained by neutron crystallography. The present neutron diffraction study on WT rubredoxin from P. furiosus (Pf Rd) is the starting point for a structural comparison with its mutants (26, 27) , which have different thermostabilities from that of WT protein.
Methods
Crystallization. The construction of the gene encoding Pf Rd, its expression in Escherichia coli, and the isolation of the recombinant rubredoxin are as described in refs. 45 and 46. Crystals of WT protein were grown by the sitting-drop vapor diffusion method in conjunction with microseeding techniques. The rubredoxin solution used in the crystallization experiments contained 40 mg͞ml Ϫ1 protein, 50 mM Tris͞Tris⅐HCl buffer (pH 8.0), and 0.3 M NaCl. The reservoir contained 3.8 M NaK phosphate (equimolar NaH 2 PO 4 plus K 2 HPO 4 ) as precipitant. These conditions are similar to those described in ref. 44 . To reduce background scattering from H atoms, which have a large incoherent scattering cross section, the rubredoxin solution was subjected to H 2 O͞D 2 O exchange before crystallization. This method allows D atoms to be substituted for H atoms, not only in the hydration water molecules but also at sites containing ''exchangeable'' H atoms (mostly H atoms of N-H and O-H bonds exposed to the solvent). To collect high-resolution diffraction data, a single crystal with approximate dimensions of 2.5 ϫ 2.5 ϫ 0.8 mm was mounted in a sealed quartz capillary 3 mm in diameter.
Data Collection and Refinement. Diffraction data were collected at room temperature on the BIX-3 diffractometer (19 -21) installed on the 1G-A site of the JRR-3M reactor at the Japan Atomic Energy Research Institute. Data collection was carried out by using the step-scan method, with 0.3°intervals in and exposure times ranging from 60 to 77 min per frame. The net time required to collect the total of 717 data frames was 35 days. From the rubredoxin crystal, diffraction data up to a resolution of 1.5 Å were recorded with the present experimental arrangement. The spots were integrated, scaled, and merged by using the programs DENZO and SCALEPACK (47) . The detailed statistics of data collection and reduction are listed in Table 1 .
Refinement of the structure was carried out by using the programs X-PLOR (48) and CNS (49) , in which the topology and parameter files were specially modified for neutron crystallography by adding the necessary parameters for H and D atoms. Model building was performed by using the programs TURBO-FRODO (50) and XTALVIEW (51) . At the end of the refinement, the R and R free values were 18.6% and 21.7%, respectively. A total of 306 H and 50 D atoms were included in the refinement of the structure, and a total of 37 hydration water molecules were identified. The rms deviations of our neutron structure from an ideal geometry are 0.01 Å for the bond lengths and 1.2°for the bond angles. When the neutron model is compared with the x-ray structure (PDB ID code 1BRF), the overall rms deviations of main-chain and side-chain atoms are 0.19 Å and 0.75 Å, respectively (with the disordered residues Glu-52 and Asp-53 excluded from the calculation). Refinement statistics are also given in Table 1 . Coordinate and diffraction data from the present analysis have been deposited in the Protein Data Bank (PDB ID code 1VCX).
Results and Discussion
H and D Atoms of the OH Groups. Usually, the H͞D atoms in a protein structure (especially those of C-H and N-H bonds) can be located at predictable positions, based on the coordinates of the known C, N, and O atoms. However, for Ser and Thr residues, there is a threefold ambiguity in the orientation of the O-D bonds, and for Tyr residues, there are two possibilities in the O-D bond orientation. Although these orientations usually cannot be determined by the x-ray technique, they can be readily established by using neutron crystallography.
For example, the O-D bond of Tyr-12 is clearly coplanar with the aromatic ring ( Fig. 1a) and is oriented toward an O atom of a neighboring residue (data not shown). In addition, because the resolution of the present data set is quite high (1.5 Å), the nuclear density for the phenyl ring in Fig. 1a shows a clear hole at its center, a feature usually not evident in 2.0-Å-resolution maps.
In the case of Ser-24, it can clearly be seen from Fig. 1b that the O-D hydroxyl group is in a staggered conformation around the C-O bond and is in a trans orientation with respect to one of the C-H bonds of the neighboring CH 2 group. Furthermore, it can be seen that the O(␥) atom of Ser-24 is serving as a H-bond donor to water #1 and is a H-bond acceptor to water #2, conclusions that would not have been obtainable from the x-ray data. The important point is that the high resolution of the neutron data enables an unprecedented level of detail to be revealed in this protein structure. To obtain quantitative information about the distribution of H͞D populations in this rubredoxin molecule, the occupancies of the H and D atoms bonded to the main-chain N atoms were refined. The result is shown in Fig. 2b (Top) . The five atoms mentioned above have values close to zero for the H͞D exchange ratio (i.e., they have remained largely H). Compared with the distribution of B factors of the main-chain atoms, it is seen that these five H͞D atoms having small H͞D exchange ratios also have small B factor values (Fig. 2b Middle). The distribution of accessible surface areas of the main-chain atoms (data not shown) also indicates the same trends. These results suggest that the regions around those atoms are relatively inaccessible to solvent. The conclusion from these H͞D exchange ratio measurements is roughly comparable with the results from NMR studies (52, 53) , which indicate that there are two broad regions in the protein that display slow NMR H͞D exchange behavior, one centered around the Cys-5͞Cys-8 region and the other around Cys-38͞Cys-41 (Fig. 2b Bottom) . In fact, the set of backbone N-H bonds that indicate the slowest NMR exchange behavior (Trp-3, Val-4, Cys-5, Ile-7, Cys-8, Tyr-10, Tyr-12, Cys-38, Ile-40, Cys-41, and Ala-43) include the five resistant N-H bonds that we have identified from our neutron data. Thus, there is very rough agreement between the NMR and neutron results, even though, strictly speaking, the two techniques are not directly comparable: NMR measures the dynamic behavior of a protein in solution, whereas neutron Hydration Water Molecules. A total of 37 hydration water molecules were found in the rubredoxin structure. Of those, 15 could be oriented unambiguously because the densities for those water molecules have a triangular shape, which allows all three atomic positions in each molecule (D, O, D) to be assigned. These represent the best-ordered solvent molecules, whereas the shapes of the other solvent peaks revealed additional information about the degree of order of each hydration water molecule. We have discussed the topic of shapes of water molecules derived from neutron data in great detail in a recent article (54) . Fig. 3a shows some examples of these shapes: a triangular contour that is characteristic of a well ordered D 2 O molecule (peak #3) and a stick-shaped (ellipsoidal) contour (peak #4) that is characteristic of a partially ordered water molecule. In this case, it can be concluded that the D-O portion of water #4 is ordered, whereas the third atom (D) is rotationally disordered and unobserved (Fig. 3a) . The two ends of this O-D fragment (cyan͞red stick) can be assigned by an inspection of its neighbors: the portion close (1.84 Å) to a neighboring O atom must be D (cyan portion of peak #4), whereas the other end, which is close (2.21 Å) to another D atom (from water #5), can be assigned as O (red part of peak #4). Finally, in Fig. 3b , which shows the region around the residues Asp-18 and Asp-20, we have an interesting case in which the neutron diffraction results can be used to refute an assignment based on x-ray data. Without prior information about H͞D positions, it originally appeared (from the x-ray data) that the O atom of the water molecule labeled #7 is within H-bonding distance of three atoms: Asp-18 O(␦1), Asp-20 O(␦1), and Asp-20 D (Fig. 3b) . The neutron map confirms the first two assignments (orange dotted lines), but the third assignment is now in doubt: the orientation of the triangular D 2 O peak makes it clear that the proposed N-D . . . O hydrogen bond to water #7 (green line in Fig. 3b) would result in a D(Asp-20) . . . O(#7)-D(#7) angle that would be too acute to be reasonable. Instead, the O atom of water #7 was found to be a H-bond acceptor to water #8 (Fig. 3b) .
Other investigators have found that around surface regions of a protein that contain hydrophobic residues, or ''hydrophobic patches,'' the water molecules generally avoid those protein surfaces and instead make extensive H bonds between themselves (55). We have searched for these characteristic features around Pf Rd without success: Our protein molecule is apparently too small to contain large ''patches'' of hydrophobic residues.
Fe-S Core and N-H . . . S Hydrogen Bonds. Like the rubredoxins from mesophilic bacteria, the Fe atom of Pf Rd has a tetrahedral array of four cysteinyl S atoms as ligands (41, 44) . The Fe-S bond distances in this part of Pf Rd have been already reported in the x-ray analysis, and several N-H . . . S hydrogen bonds involving backbone N-H groups also have been assigned, according to the distances between N and S atoms (41, 44) . From the x-ray data, N . . . S distances in the range 3.4-3.8 Å were used as a criterion to identify the probable existence of N-H . . . S hydrogen bonds. Nine of these were identified (Table 2 ). However, from the neutron results, only five of them could be confirmed (labeled with asterisks in Table 2 (Table 2 ). Fig. 4 shows a F o Ϫ F c omit map around the Fe-S core, calculated without contributions from the D(H) and S atoms, which participate in the N-D(H) . . . S hydrogen bonds. Finally, one assignment was inconclusive: neither negative nor positive peaks could be found at the amide H͞D atom position of Tyr-10 (Fig. 4, bottom center) , probably because cancellation of the scattering amplitudes occurs by a superposition of the H and D atom positions (this phenomenon happens whenever the ratio of H:D occupancies is about 2:1). Thus, the potential H bond between Tyr-10 D͞H and Cys-8 S(␥) could neither be confirmed nor refuted in this study.
The possible involvement of N-H . . . S hydrogen bonds in influencing the redox potentials of Fe-S proteins has been actively debated in the literature (56, 57) . This study has determined the precise geometries of such bonds at high resolution in a neutron diffraction investigation. In addition, from the neutron study we could find no evidence that any of the four S atoms were protonated.
N-Terminal Region͞Thermostability of Pf Rd. Many structural investigations about the high thermostability of Pf Rd have been conducted by using NMR and crystallographic methods (40) (41) (42) (43) (44) . By comparison with other rubredoxins from mesophilic species, in those studies it is often concluded that the interactions near the N-terminal residues of the protein contributes significantly to the rubredoxin hyperthermostability (40) (41) (42) . This region ( Fig. 5 , which again shows the remarkable level of detail that can be displayed in a high-resolution neutron Fourier map. It has been speculated that the presence of the Glu-14 residue, which is not present in mesophilic rubredoxins, may partially account for the high thermostability of Pf Rd by H bonding to (and thus ''tying down'') the ND 3 ϩ terminus (40) . If this hypothesis is true, then Fig. 5 provides a clear and detailed picture of this region.
Conclusion
From the neutron crystallography by using the single-crystal diffractometer BIX-3 at the JRR-3M reactor of the Japan Atomic Energy Research Institute, the high-resolution structure of WT Pf Rd was obtained, including most of the H͞D positions. The actual information from these H͞D positions gave additional details about the H bonding in the molecules. We have shown in this study that neutron diffraction is able to resolve some ambiguous assignments of H bonds from an earlier x-ray investigation and that the identification of H bond donors and acceptors has become possible in many cases. In addition, the details of the H-bonding interactions, especially in the N-terminal region (as well as those in the Fe-S 4 and backbone regions), have revealed additional information that could contribute to the hyperthermostability of this unusual and interesting protein. 
